Abstract: The Maritsa River in the Balkans, over 500 km long, flows at present into the northern Aegean Sea. Geological and geomorphological data indicate that it was flowing into the Marmara Sea until about 1.5 Ma, and was diverted into the Aegean Sea following coseismic uplift along the North Anatolian Fault. Seismic reflection sections in the Marmara Sea indicate the presence of up to 2.5 km thick fluviatile to limnic Upper Miocene-Quaternary sediments, probably supplied by a Palaeo-Maritsa river. The drainage diversion cut off the sediment supply, with the result that the terrigeneous sediments of the Marmara Sea were depressed to a water depth of 1150 m.
Faulting has a strong influence on the evolution of fluvial systems by controlling drainage pattern, drainage divides, erosion, and the morphology of the flood plain (e.g. Keller & Pinter 1996) . It may even lead to drainage reversal, as occurred temporarily in the Alaskan rivers during the 27 March 1964 Alaska earthquake (Plafker 1969) . In this study we use geomorphological, geological and geophysical data to illustrate a case of tectonically induced drainage reversal and subsequent stream capture of a major river system in the northeastern Aegean. We test the hypothesis that at c. 1.5 Ma the alluvial Maritsa River in the Balkans was diverted from the Marmara to Aegean Sea following coseismic uplift along the northern margin of the Marmara Sea (Fig. 1 ).
Drainage pattern of the Maritsa River
The Maritsa River drains most of Bulgaria south of the Balkan Mountains, the eastern Rhodope Mountains of Greece and the European part of Turkey (Fig. 1) . It is 513 km long, has a drainage area of 53 000 km 2 and flows into the Aegean Sea along the border between Turkey and Greece. The drainage basin of the Maritsa River is elongated in a NW-SE direction (Fig. 1) . The Maritsa River flows SE along the basin midline downstream to the region of Edirne, then makes a SW turn, and flows perpendicular to the general trend of its drainage area before joining the Aegean Sea. This produces a strong transverse topographic asymmetry south of Edirne. For a stream network that formed and continues to flow in a stable setting, the drainage area to the left and right of the trunk channel should be approximately equal, provided there are no major lithological controls or local climatic effects (e.g. Keller & Pinter 1996) . This is also valid for the Maritsa River down to Edirne. However, the basin symmetry breaks downstream of the southwesterly bend. The drainage basin left of the main Maritsa trunk (facing downstream) makes up 66% of the total drainage area. For the region south of Edirne the drainage asymmetry increases to 84%. Tributaries of most large rivers are of similar size and are symmetrically arranged around the trunk channel. In contrast, the alluvial Ergene River in Thrace forms a 281 km long and asymmetric tributary to the Maritsa (Fig. 1) .
The transverse topographic asymmetry, the basin asymmetry, and the tributary anomaly were not present in a Palaeo-Maritsa river draining into the Marmara Basin through the Ergene River (Fig. 1) . The drainage diversion from the Palaeo-Maritsa to the Maritsa River is related to the uplift of the northern margin of the Marmara Sea.
Uplift of the northern margin of the Marmara Sea
The Marmara Sea is a small intracontinental sea between the Black and Aegean seas (Fig. 1) . It owes its origin to the North Anatolian Fault, a 1600 km long transform fault between the Eurasian and Anatolian plates (e.g. Barka 1992 ). Global positioning system (GPS) studies indicate that the Anatolian plate is moving westward with respect to the Eurasian plate at a rate of c. 2 cm a À1 (McClusky et al. 2000) . This displacement manifests itself through destructive earthquakes along the North Anatolian Fault. The North Anatolian Fault is believed to have nucleated during Late Miocene time in the east and propagated westwards reaching the Aegean region probably during Pliocene time (Tüysüz et al. 1998) . It crosses through the centre of the Marmara Sea and causes the formation of three marine depressions, over 1100 m deep, separated by submarine ridges and bounded to the north and south by shelf areas (Fig. 2) .
The strongest evidence for active regional uplift of the northern margin of the Marmara Sea is its asymmetric drainage area. In the south, between the Dardanelles Strait and the İzmit Bay, several medium-sized rivers drain an area of 30 562 km 2 into the Marmara Sea (Fig. 1) . In contrast, the drainage area in the north is very small (4438 km 2 ) and not a single important stream flows to the Marmara Sea from the north. This asymmetry is even more striking considering that the ratio of the length of the northern shoreline to the total shoreline of the Marmara Sea is 0.47, whereas that of the northern drainage area to the total drainage area is only 0.13. Active uplift is also reflected in the morphology of the northern Marmara shore, characterized by steep cliffs several tens of metres high, typical of emergent coastlines. Pleistocene marine terrace deposits, which occur sporadically throughout the northern margin of the Marmara Sea, but are conspicuously absent along its southern margin, are further evidence for recent uplift . These deposits contain Mediterranean faunas and range in thickness from ,1 m to 37 m. The base of the Pleistocene terrace deposits lies 4-40 m above present sea level. Shells in the terraces in the İzmit Bay have been dated by thermoluminiscence, U/Th and 14 C methods to Mid-to Late Pleistocene time (260, 130 and 40 ka; Paluska et al. 1989) .
Thrace north of the Marmara Sea is a flat-lying erosion surface with an average altitude of c. 120 m. The drainage divide north of the Marmara Sea is a chain of gently rounded hills at heights of 160-230 m. Poorly consolidated, fluviatile sandstones and pebbly sandstones, up to 1500 m thick, underlie most of the Thracian erosion surface. Sands in the basal part of this Ergene Formation near Ç orlu contain Late Miocene (Turolian, 9.0-5.2 Ma) vertebrate faunas (Kaya & Heissig 2001) . In the south, the Ergene Formation lies unconformably over alkali basaltic flows and Oligocene sandstones. The absence of the Ergene Formation along the northern margin of the Marmara Sea ( Fig.  3 ) is due to erosion, supported by the widespread cross-bedding in the sands of the Ergene Formation indicating southward palaeocurrents (Umut 1988; Ç aglayan & Yurtsever 1998) whereas the unconformity surface slopes northward.
The resistant basaltic flows north of the Marmara Sea occur as erosional outliers over the easily eroded Oligocene sandstones and largely control the present drainage divide (Fig. 2) . Ar/Ar volcanic glass, and K/Ar whole-rock ages of the basalts range between 8 and 6 Ma (Paton 1992; Ercan et al. 1999) , and provide independent evidence for a Late Miocene and younger age for the Ergene Formation. The upper parts of the Ergene Formation are regarded as being of Pliocene age (Perinçek 1991; Turgut et al. 1991) . The Thracian erosion surface must have formed after latest Miocene time, after c. 6 Ma. A widespread Late PlioceneEarly Quaternary erosion surface has been described from the northern Thracian Basin in Bulgaria (Burchfiel et al. 2000) and may imply a similar age for the Thracian erosion surface. Figure  3 shows two cross-sections from the Thracian erosion surface to the Western Marmara Basin. These sections illustrate that south of the Ergene River the Thracian erosion surface is gently inclined northward at 0.3-0.58, and is abruptly terminated by the Northern Boundary Fault located along the northern submarine slope of the Marmara Sea (Fig. 2) .
Uplift of the Thracian erosion surface occurs along the footwall of the Northern Boundary Fault (Fig. 2) . Footwall uplift along large normal faults is a common and widely described phenomenon in extensional areas. As the footwall uplift is related to isostatic adjustment during vertical movements, uplift would also be expected along the transtensional Northern Boundary Fault, which forms the northern arm of a major negative flower structure ( Fig. 3 ; Wong et al. 1995; Okay et al. 1999; Parke et al. 1999) . Footwall uplift generally produces escarpments. Absence of such escarpments in the northern Marmara Sea is related to the footwall lithology of soft, easily erodable Oligocene sandstones (see Goldsworthy & Jackson, 2000) .
Footwall uplift along the Northern Boundary Fault relative to the present sea level, estimated from the tilt of the Thracian erosion surface, is c. 500 m. This is about 13% of the hangingwall subsidence of c. 4 km based on the present water depth and the thickness of Upper Miocene-Quaternary sediments in the Western Marmara Basin (Fig. 3) . This value is similar to the ratio of footwall uplift to hanging-wall subsidence observed in well-studied normal fault systems (e.g. Savage & Hastie 1966; Armijo et al. 1996) . The uplift is effective over a distance of c. 30 km north of the Northern Boundary Fault. This can be deduced from the profile of the Ergene River (Fig. 3b) : the profile has a shallow gradient of 0.0168 (0.28 m km À1 ) along most of the river but the gradient increases sharply to 0.318 margin of the Marmara Sea; (4) raised Pleistocene marine terraces. Further indirect evidence for uplift comes from a tectonically active sedimentary basin in the Marmara Sea, which has lost its sediment source.
A Late Miocene-Pliocene basin without a current sediment source
The Western Marmara depression is forming along the releasing bend between the Ganos and Central Marmara fault segments of the North Anatolian Fault (Okay et al. 1999) . It is rhomb-shaped with a side length of c. 15 km, with steep margins and a flat basin floor at a depth of 1150 m (Fig. 2) . Multichannel seismic reflection studies show that the basin fill is highly asymmetric, increasing in thickness from essentially zero at the toe of the submarine slope to 2.5 km adjacent to the North Anatolian Fault ( Fig. 3a ; Okay et al. 1999) . The increase in thickness of basinal strata towards the Central Marmara Fault, and the similarity between the isopachs and the shape of the Western Marmara depression indicate that the basinal sediments were deposited in the currently active strike-slip tectonic environment and thus represent syntransform sediments.
There are no well data in the Western Marmara Basin to characterize directly the age and facies of the syntransform sediments. However, the results of the Marmara-1 well drilled in another asymmetric fault-bend basin in the southern Marmara Sea have direct relevance to the stratigraphy in the Western Marmara Basin. The Marmara-1 well has cut through ,40 m of Quaternary marine clay overlying Upper Miocene(?)-Pliocene limnic to fluvio-deltaic sediments, 2100 m in thickness (Ergün & Ö zel 1995) . Lower-Middle Miocene sandstones crop out in southern Thrace south of the Ganos segment of the North Anatolian Fault. These sediments bear no evidence, in terms of facies and thickness distribution, that they were deposited in the vicinity of a major strike-slip fault, which in turn implies that the syntransform sediments in the Western Marmara Basin are of Late Miocene age and younger (Okay et al. 1999) . This is in agreement with the generally accepted view of Late Miocene inception and gradual westward propagation of the North Anatolian Fault (Ş engör et al. 1985; Barka 1992) . The Pliocene deposits around the Marmara Sea are continental, indicating that the Marmara Sea was a land area during this interval, possibly occupied by large lakes (Görür et al. 1997; Sakinç et al. 1999) . Thus, strong circumstantial evidence indicates that the syntrans- A longitudinal seismic reflection profile across the Western Marmara Basin is shown in Fig. 4 . In this section the syntransform sediments, up to 1.7 km thick, show a distinct southwestward progradation, indicating a sediment source that lies NE of the Western Marmara Basin. However, at present there is no sediment source area north of the Marmara Sea (Fig. 2) . Furthermore, Pliocene sediments are absent on the northern shelf, as revealed by the Kuzey Marmara well, which cuts through 20 m of Quaternary marine beds overlying 1100 m of Oligocene-Eocene clastic rocks (Ergün & Ö zel 1995) . Sediment transport from the south is unlikely, as sediment carried by rivers in the south is trapped between the normal fault blocks on the southern shelf of the Marmara Sea (Smith et al. 1995) . 
A former connection between the Maritsa and Ergene rivers
The pre-Quaternary connection between the Maritsa and Ergene rivers was evaluated using 1/25 000 scale topographic maps. North of Uzunköprü the abnormally wide, 7 km long alluvial Kazova valley extends between the Maritsa and Ergene rivers (Fig. 5) . Although this valley slopes very gently north towards Maritsa, the floodplain of the Maritsa at this location is at a higher elevation (23 m) than that of its tributary, the Ergene River (13 m). Furthermore, the tributaries of the Kazova stream point anomalously upstream suggesting a drainage reversal (Fig.  5 ). This dry valley was probably the abandoned segment along which the Palaeo-Maritsa river was flowing into the Marmara Basin.
The junction angle between a stream and its tributary depends on the ratio of their respective gradients (Horton 1945) :
where AE is the junction angle between the tributary and receiving stream, Ł r is the gradient of the receiving stream and Ł t is the gradient of the tributary.
Field studies have shown that this Horton equation predicts the stream junction angles with an uncertainty of 5-108 (e.g. Lubowe 1964 ). In mature drainage systems, junction angles are always ,908 and obtuse angles are not observed. However, for a distance of 24 km east of Uzunköprü, many tributaries of the Ergene River have junction angles .908, in spite of the Horton equation indicating junction angles of c. 758 for the large tributaries (Fig. 6) . Even long and well-entrenched alluvial tributary streams, such as the Ovadere, of 30 km length, have junction angles as high as 1208 (Fig. 7) . This stretch of the Ergene River is characterized by very low gradients (0.028 or 0.4 m km À1 ) and probably represents the least modified segment of the Palaeo-Maritsa river. In this segment, the tributaries of the Ergene River have not adjusted to the new flow regime and point anomalously upstream. Interestingly, the change to normal drainage geometry with downstream-pointing tributaries begins where the floodplain of the Ergene River reaches an elevation of 24 m, similar to that of the Maritsa River at the confluence of the Kazova stream (Figs. 6 and 7 ).
Discussion and conclusions
The anomalous drainage pattern of the Maritsa River, postMiocene uplift along the northern margin of the Marmara Sea, and a Late Miocene-Pliocene continental basin without a current sedimentary source in the Marmara Sea suggest that during Late Miocene and Pliocene time the Palaeo-Maritsa river was carrying sediment through the Ergene River to the Western Marmara Basin.
Uplift along the northern margin of the Marmara Sea has resulted in permanent drainage reversal of the Ergene segment of the Palaeo-Maritsa river and subsequent river capture by a small stream that was flowing into the Aegean Sea. A sequence of lacustrine limestone and marl, ,40 m thick, has been described in Thrace north of the Ergene River ( Fig. 2 ; Umut 1988; Sakinç et al. 1999) . These limestones, which lie over the Ergene Formation, may represent lake sediments in the Maritsa drainage basin that would have accumulated in the period between the drainage reversal and headward capture by a small stream draining into the Aegean Sea.
An uplift of c. 0.5 km along the footwall of the Northern Boundary Fault is required to achieve the present northward dip of the Thracian erosion surface and invert the flow of the Ergene River (Fig. 3) . This uplift may have occurred over a period of c. 1.5 Ma assuming an uplift rate of 0.3 m ka À1 , as calculated from the dated terraces south of the İzmit Bay (Paluska et al. 1989 ). This date is similar to the age of erosion surface in Thrace (Burchfiel et al. 2000) suggesting that the drainage diversion of the Palaeo-Maritsa river occurred in Early Quaternary time. The drainage diversion terminated sediment supply to the Western Marmara Basin, which at present lies at 1150 m water depth. Tectonically induced drainage diversion provides a possible mechanism for basin starvation and abrupt change in depositional facies, in the case of the Marmara Sea from fluvial-limnic sedimentation to the deposition of deep marine mudstones. 
